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Energy consumption by heating, ventilation and air-conditioning (HVAC) systems accounts for 40 around 50% of the total energy consumed in buildings. A great portion of the energy 41 consumption is associated with air dehumidification which is traditionally achieved by cooling 42 the air below its dew point to reduce its moisture content in the cooling coil system. As a 43 consequence, this leads to wet cooling coil surface that may cause growth of mould and bacteria, 44 which result in undesirable healthy issues and poor indoor air quality. In addition, the 45 overcooled air needs to be reheated to an appropriate temperature before supplied to the 46 conditioned space, which leads to the consumption of additional energy [1] [2] [3] [4] [5] . 47
In recent years, a great deal of attention has been devoted to liquid desiccant dehumidification 48 systems, in which dehumidification is achieved by using liquid desiccant to absorb water 49 vapour from moisture air directly. These systems have been proved to be more energy efficient, 50 healthily and environmentally friendly than the conventional systems [6] [7] [8] . Packed-bed 51 columns have been used for air dehumidification traditionally, in such a system air and 52 desiccant solution are in direct contract, and small corrosive desiccant droplets are carried over 53 by the processed air, which brings hidden concern to indoor environment and occupants [9, 10] . 54
As a solution, semi-permeable membranes are applied as alternative heat and mass transfer 55 media to solve desiccant carryover problem, air and desiccant are separated by the membranes 56
Assumptions made for the sake of simplification in numerical modelling includes: well-121 insulated regenerator assumption; heat and mass transfer normal to the membrane; neglected 122 heat conductions in air and solution channels; laminar flow assumptions in air and solution 123 channels et al. More detailed assumptions can be found in authors' earlier work [14] . Compared 124 to the dehumidifier, the directions of heat and mass transfer are conversed in the regenerator. 125
Evaporative heat is taken from the solution side only since the solution side mass transfer 126 coefficient is much higher than that in the air side. Then the governing equations for heat and 127 mass transfer are given as: 128
Solution side: 129
Air side: 132
135
Where L and are length and height of regenerator ( ) respectively, as illustrated in Fig. 1(a) ) and total effectiveness ( ). is the ratio between the actual and 225 maximum possible rates of sensible heat transfer in a heat exchanger, is the ratio between 226 the actual and maximum possible moisture transfer rates in a mass exchanger, and is the 227 ratio between the actual and maximum possible energy (enthalpy) transfer rates in a heat and 228 mass exchanger. Air side effectiveness have been widely used for the dehumidification 229 performance evaluation. In the regeneration process where the main focus is on desiccant 230 solution, the air side effectiveness cannot reflect the regenerator performance correctly, thus 231 the solution side effectiveness for regenerator are introduced referring to literature [31] : 232 
247
As can been seen from the above equation, is the ratio between moisture removal rate 248 and membrane overall mass transfer conductance.
is generally used for 249 performance evaluation rather than , because it is independent of the size of the 250 regenerator. It only depends on the inlet condition, which would make results more general [30] . 251
Solution temperature decrease rate (TDR) 252
Apart from re-concentration of the liquid desiccant solution, the lower solution temperature is 253 preferred. Lower solution temperature would make dehumidification more effective. Thus, the 254 index so called solution temperature decrease rate ( ) is applied to evaluate the sensible 255 performance of regeneration, which is defined as: 256 Where is number of girds in x direction, and is number of girds in y direction. Governing 268 equations are solved in Matlab iteratively until converged. Numerical tests have been conducted 269 to determine the grid size for guaranteeing the accuracy of numerical results. It has been found 270 that 30×60 grids are adequate in this study, the result difference is less than 1.0% compared 271 with 50×100 grids. The numerical uncertainty is 1.0%. 272
Numerical solving scheme 273
The solution procedure used to solve interacted governing equations is illustrated in Fig. 3 . The test rig mainly consists of one flat-plate membrane-based regenerator, one weak solution 284 tank, one strong solution tank, one AC axial fan and one liquid-liquid heat exchanger. The 285 regenerator is the most important unit in the system, which has a dimension of 410mm (L) x 286 230mm (W) x 210mm (H) with 11 air channels and 11 solution channels. Three gauze layers 287 are paved on the top surface of the regenerator to ensure even solution distribution. The 288 regenerator specifications and membrane physical properties are given in Table 2 . 289 The regenerator supply air is provided by an environmental chamber, which is equipped with a 292 cooling coil, three heating pipes and one humidifier. Table 3 . Uncertainty analysis has been conducted for all experimental 311 data by applying a method of propagation [39] to estimate uncertainties for experimental data. 312 Table 5 . It should be emphasized that under the same , the 336 discrepancy reduces with the solution mass flow rate. For instance, under = 6, the 337 differences between numerical and experimental results decrease from 6.505% to 2.236% for 338 , , 9.998% to 2.824% for , , and 9.249% to 2.333% for * is proportional to * , but it is a more straightforward parameter for the 433 system. The effectiveness are more sensitive to * when * is lower than * . As shown in 434 respectively. Despite the deterioration of all effectiveness with increasing , , the higher 490 , , the higher solution equilibrium humidity ratio and vapour pressure. Consequently both 491 heat and mass transfer potentials are strengthened, and these have been reflected clearly in Fig.  492 15, where , and , are all improved with , . 493 value of the total heat transfer, which is the first term in the numerator. In the meanwhile, the 516 second term in the numerator is deteriorated as well, which represents the latent heat transfer. 517
Consequently, the sensible effectiveness increases slightly by the offset effect. It is noticed that 518 although the regenerator has better regenerating and cooling effects with more diluted solution 519 at the inlet, the solution inlet concentration is more of a non-controllable parameter since it is 520 from dehumidifier directly. By contrast, the regenerator benefits from the high solution 521 temperature owing to enhanced re-concentration and cooling effects. But the high solution 522 outlet temperature means more cooling is needed before the solution enters the dehumidifier. 523
Thus more follow up studies on optimization design for the whole system are required. 524
Effects of air properties 525
Compared with the solution inlet properties, the air inlet properties are easier to be controlled 526 in practice. 
534
Under the same , , the sensible effectiveness has the highest value, which is 535 approximately twice of the latent effectiveness, while the total effectiveness is still in the middle 536 as shown in Fig. 18 between the air and solution when the solution temperature is higher than the air temperature. 545
The cooling of the solution when contacting with the air would decrease the air vapour pressure, 546 which restrains the regeneration. With higher temperature inlet air, there would be less sensible 547 heat transfer from the solution to the air. Consequently, the vapour pressure difference between 548 the air and solution sides can be maintained at a high level, and the latent heat transfer can still 549 be enhanced slightly. On the other hand, the high , would narrow the temperature 550 difference between the air and solution, which deteriorates the sensible heat transfer potential. 551
As a result, the sensible effectiveness and are reduced to a small degree as illustrated in 552
Figs. 18 and 19. Therefore, the effect of the air inlet temperature on the regeneration 553 performance can be neglected, no obvious improvement can be achieved by adjusting has the highest value, followed by the latent and total effectiveness. Based on Eq. (32), the air 562 vapour pressure increases with its humidity ratio. With the remarkable reduction of vapour 563 pressure difference between the air and solution sides, the mass transfer potential is reduced 564 significantly as well. As a result, is decreased considerably as displayed in Fig. 21 . This 565 trend is in accordance with those in previous studies [29, 30] . Nevertheless, the latent 566 effectiveness decreases significantly as well in the previous studies, this can be regarded as an 567 effectiveness difference between the air and solution sides. As shown in Fig. 21 , 
